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Summary
SR proteins constitute a family of pre-mRNA splicing
factors now thought to play several roles in mRNA
metabolism in metazoan cells. Here we provide evi-
dence that a prototypical SR protein, ASF/SF2, is un-
expectedly required for maintenance of genomic sta-
bility. We first show that in vivo depletion of ASF/SF2
results in a hypermutation phenotype likely due to
DNA rearrangements, reflected in the rapid appear-
ance of DNA double-strand breaks and high-molecu-
lar-weight DNA fragments. Analysis of DNA from ASF/
SF2-depleted cells revealed that the nontemplate
strand of a transcribed gene was single stranded due
to formation of an RNA:DNA hybrid, R loop structure.
Stable overexpression of RNase H suppressed the
DNA-fragmentation and hypermutation phenotypes.
Indicative of a direct role, ASF/SF2 prevented R loop
formation in a reconstituted in vitro transcription re-
action. Our results support a model by which recruit-
ment of ASF/SF2 to nascent transcripts by RNA poly-
merase II prevents formation of mutagenic R loop
structures.
Introduction
Splicing of mRNA precursors is a nearly ubiquitous and
essential step in gene expression in most eukaryotes,
requiring numerous protein factors. Among these, the
SR proteins constitute a family of RNA binding proteins
highly conserved in animals and plants that play multi-
ple roles in splicing (reviewed by Manley and Tacke,
1996; Sanford et al., 2003). Alternative splicing factor/
splicing factor 2 (ASF/SF2) is the protypical SR protein,
originally isolated independently by virtue of two bio-
chemical properties characteristic of SR proteins: as an
essential splicing factor necessary for an early step in
splicing (Krainer et al., 1990) and as an alternative splic-
ing factor capable of influencing splice-site selection
(Ge and Manley, 1990). These functions involve interac-
tions with both the pre-mRNA and other splicing fac-
tors. For example, ASF/SF2 promotes recruitment of U1
snRNP to 5# splice sites (Kohtz et al., 1994) and can
also help bridge 5# and 3# splice sites (Wu and Ma-
niatis, 1993). ASF/SF2 and other SR proteins are also
important regulators of splicing, acting through se-
quences in the pre-mRNA known as exonic splicing en-
hancers (reviewed by Black, 2003).
The steps of mRNA processing, including splicing,
are all coupled to transcription (reviewed by Hirose and
Manley, 2000; Maniatis and Reed, 2002). Although the*Correspondence: jlm2@columbia.edumechanisms involved are not entirely understood, the
C-terminal domain of the largest subunit of RNA poly-
merase (RNAP) II (CTD) plays a central role. The CTD
consists of multiple (52 in mammals) heptapeptide re-
peats, which become extensively phosphorylated dur-
ing transcription. SR proteins can associate with the
CTD in vivo and are recruited to sites of transcription in
a CTD-dependent manner (Misteli and Spector, 1999).
Immunostaining of lampbrush chromosomes in X. laevis
oocytes (Gall et al., 1999) and polytene chromosomes
in C. tentans (Daneholt, 2001a) revealed association of
SR proteins along the length of active genes. These and
other results highlight the interconnection between
transcription and splicing and the involvement of SR
proteins in this coupling.
Several SR proteins, most notably ASF/SF2, have
been found to play additional roles in gene expression.
For example, ASF/SF2 and two other SR proteins re-
main associated with the spliced mRNA and shuttle be-
tween the nucleus and the cytoplasm (Caceres et al.,
1998), suggesting a role in mRNA export (Huang et al.,
2003). Once in the cytoplasm, ASF/SF2 regulates the
stability of at least one mRNA by binding to the 3#UTR
and enhancing degradation (Lemaire et al., 2002). ASF/
SF2 has also been shown to associate with translating
ribosomes and to stimulate translation of reporter
mRNAs (Sanford et al., 2004).
Despite these advances in understanding the func-
tions of ASF/SF2 and other SR proteins, relatively little
is known about the physiological roles of these pro-
teins. One SR protein, B52/SRp55, is required for devel-
opment in Drosophila (Ring and Lis, 1994). Tissue-spe-
cific deletion in mice of the gene encoding SC35,
another SR protein, or ASF/SF2 resulted in defects in T
cell development and/or in the heart, and, in each case,
possible target transcripts were identified (Xu et al.,
2005 and references therein). RNAi-mediated depletion
of ASF/SF2 resulted in lethality in C. elegans (Longman
et al., 2000). Finally, our gene-targeting experiments
had previously shown that ASF/SF2 is essential for via-
bility of the chicken B cell line DT40. In vivo depletion
of ASF/SF2 slowed the rate of pre-mRNA processing,
and alternative splicing of transcripts produced from
exogenous transgenes was affected (Wang et al., 1996,
1998). However, the nature of the essential function (or
functions) performed by ASF/SF2 and other SR pro-
teins remains to be determined. Here we describe ex-
periments indicating an unexpected role for ASF/SF2 in
maintaining cell viability. Our data show that ASF/SF2
functions in the maintenance of genomic stability by
protecting cells from the deleterious effects of tran-
scription itself.
Results
ASF/SF2 Depletion Causes Genomic Instability
We previously constructed a cell line, DT40-ASF, in
which the only copy of the ASF/SF2 gene is a cDNA
driven by a tetracycline (tet) repressible promoter
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366(Wang et al., 1996). Addition of tet results in in vivo de- T
gpletion of ASF/SF2, followed by cell-cycle arrest and
apoptotic cell death (X.L., J. Wang, and J.L.M., unpub- r
Slished data). To gain more insight into the events trig-
gered by ASF/SF2 depletion, we set out to establish a i
1complementation assay to rescue viability of ASF/SF2-
depleted cells. Surprisingly, although we identified sev- f
peral candidate suppressors (data not shown), a large
majority of surviving colonies were tet-resistant mu- h
tants in which ASF/SF2 expression escaped tetracy-
cline regulation. In such cells, ASF/SF2 expression was o
Aconstant in the presence or absence of tet (e.g., Figure
1A). To rule out the possibility that the tet-resistant col- o
tonies resulted from a spontaneous mutation existing in
the initial cell population, we examined reversion of the d
itet-sensitive phenotype after recloning the DT40-ASF
cells by minimal dilution. Numerous tet-resistant colo- f
cnies appeared after 8–10 days of tet treatment (Figure
1B), indicating that reversion was induced by ASF/SF2 t
cdepletion.
We next asked whether reversion of tet-sensitivity s
dwas specifically triggered by ASF/SF2 depletion. To testFigure 1. ASF/SF2 Depletion Induces Geno-
mic Instability in DT40-ASF Cells
(A) ASF/SF2 depletion results in reversion of
tetracycline sensitivity. DT40-ASF cells, as
well as a group of surviving colonies from a
HeLa cell cDNA-library complementation as-
say, were cultured in the presence (+) or ab-
sence (−) of 1 g/ml tet for 2 days. Expres-
sion of flu-hASF/SF2 protein was detected
by immunoblotting antibody.
(B) Reversion of cell death in DT40 cells fol-
lowing inactivation of different essential genes.
After 2 days tet treatment, DT40-ASF, DT40-
TAF9, and DT40-CstF64 cells were tested for
tet resistance. The number of wells on each
plate with surviving cells was determined.
(C) Transient ASF/SF2 depletion increases
TK mutation frequency. The TK-minus frac-
tion was calculated and is shown in the
graph. Error bars represent the average devi-
ation from two independent experiments.
(D) Transient ASF/SF2 depletion activated an
exogenous blasticidin (bls) resistance gene.
The blasticidin-resistant fraction was calcu-
lated and is shown in the bar graph. Error
bars represent the average deviation from
two independent experiments.
(E) Southern blot analysis of the chromo-
somal region containing the flu-hASF/SF2
expression cassette. Genomic DNAs from
DT40-ASF cells (lane 1) and seven tet-resis-
tant colonies (lanes 2–8) were isolated and
digested with HindIII (top panel) or BamHI
plus EcoRV (bottom panel) and hybridized
with a probe specific to the ASF/SF2 cDNA.this, we employed two similar DT40 cell lines, DT40-AF9 (Chen and Manley, 2000) and DT40-CstF64 (Taka-
aki and Manley, 1998), which each contain another tet-
egulated essential gene, TAF9 or CstF64, respectively.
ignificantly, no tet-resistant colonies appeared follow-
ng depletion of TAF9 or CstF64 by tet treatment (Figure
B). These data indicate that ASF/SF2 depletion speci-
ically resulted in high reversion of the tet-sensitive
henotype, suggesting that the depleted cells became
ypermutagenic.
We next wished to determine whether hypermutation
f an endogenous gene could be detected following
SF/SF2 depletion and also whether a transient period
f ASF/SF2 depletion could induce hypermutation. To
est this, DT40-ASF cells were treated with tet for 2
ays, allowed to recover for 3 days, and then plated
n medium containing F3TdR to select for cells lacking
unctional thymidine kinase (TK) (see Experimental Pro-
edures). A striking increase in TK-minus cells in the
et-treated population was observed (Figure 1C), indi-
ating that transient ASF/SF2 depletion can induce a
ignificant increase in the mutation frequency of an en-
ogenous gene.
The above results indicate that ASF/SF2 depletion in-
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could reflect either an increase in local mutation fre-
quency or, alternatively, elevated levels of DNA re-
arrangements. To distinguish between these possibili-
ties, we constructed a derivative of DT40-ASF cells,
DT40-ASF-bls, that contains a blasticidin (bls) resis-
tance gene fused to a minimal, inactive promoter. In-
duction of bls resistance could then be achieved by a
DNA translocation allowing juxtaposition of an en-
hancer/activator sequence in proximity of the trans-
gene. To determine whether ASF/SF2 depletion in-
duces bls resistance, DT40-ASF-bls cells were grown 2
days in the presence or absence of tet, allowed to re-
cover, and then selected in bls-containing medium (Fig-
ure 1D). ASF/SF2 depletion resulted in a large increase
in bls-resistant colonies, providing strong evidence that
the high mutation frequencies detected were due to
DNA rearrangement.
We next wished to obtain direct evidence that DNA
rearrangements were involved in the above assays. If
mutation to tet resistance involved translocation of the
ASF/SF2 expression cassette, then this should be de-
tectable by analysis of the surrounding DNA. To test
this, DNA from tet-resistant cells was isolated and di-
gested with HindIII (Figure 1E, top) or BamHI plus
EcoRV (Figure 1E, bottom) and subjected to Southern
blot analysis using a probe specific for the hASF/SF2
cDNA. The results indicate that the sizes of the geno-
mic DNA fragments containing the ASF/SF2 cDNA were
different between untreated DT40-ASF cells and the
tet-resistant cells, suggesting that unregulated ASF/
SF2 expression in tet-resistant cells was the result of
chromosomal DNA rearrangement.
High-Molecular-Weight DNA Fragments Accumulate
in ASF/SF2-Depleted Cells
The above results indicate that ASF/SF2 depletion
leads to increased mutation frequency due to DNA re-
arrangement. A plausible mechanism is that this in-
volves creation of DNA double-strand breaks (DSBs)
followed by nonhomologous end-joining (reviewed by
Lieber et al., 2003). To test this, we first analyzed by
Western blotting lysates of DT40-ASF cells treated with
tet for various times for phosphorylation of histone
H2AX on serine 139 (γ-H2AX). Formation of γ-H2AX at
sites of DNA damage is one of the earliest responses
to DSBs (Rogakou et al., 1998). Strikingly, detectable
levels of γ-H2AX appeared as early as 12 hr after tet
addition and increased in a manner correlated with
the time-dependent depletion of ASF/SF2 (Figure 2A).
These results suggest that DSBs, or some process re-
sulting in formation of DSBs, were induced directly by
ASF/SF2 depletion.
The presence of DSBs could result in accumulation
of detectable levels of high-molecular-weight (HMW)
DNA fragments in ASF/SF2-depleted cells. To test this,
DT40-ASF cells were treated with tet for various times,
and cell extracts were prepared to allow analysis of
chromosomal DNA (Figure 2B). DNA was analyzed by
both standard agarose gel electrophoresis (top panel)
and pulsed-field gel electrophoresis (bottom panel).
Significant levels of HMW DNA fragments were de-
tected, becoming apparent as early as 24 hr after tet
addition. The DNA fragments detected in the depletedcells were heterogeneous in size, although a peak
around 50 kbp was observed.
The early appearance of γ-H2AX and HMW DNA frag-
ments suggests that this was a direct consequence of
ASF/SF2 depletion. However, similar DNA fragmenta-
tion can be detected during apoptotic cell death (e.g.,
Brown et al., 1993). To verify that fragmentation was
not an indirect effect of apoptosis, DT40-ASF cells were
treated with tet for various times in the presence or ab-
sence of 100 M zVAD-fmk, a caspase inhibitor known
to prevent HMW DNA fragmentation (e.g., Johnson et
al., 2000). In contrast to its expected inhibitory effect
on cleavage of chromosomal DNA by the apoptosis in-
ducer staurosporine (Figure 2C, lanes 1 and 2), zVAD-
fmk had no effect on accumulation of HMW DNA frag-
ments 24 hr (lanes 3 and 4) and 36 hr (lanes 5 and 6)
after tet addition. A slight inhibitory effect was ob-
served 48 hr after tet addition (lanes 7 and 8), which
correlates with the appearance of apoptotic cells (data
not shown).
DT40 cells are valuable in gene targeting in large part
because they carry out homologous recombination
with high efficiency. The hypermutation we have de-
scribed likely reflects nonhomologous end-joining, and
the unique properties of DT40 cells therefore should not
contribute significantly to it. Nonetheless, we wished to
provide evidence that the effects of ASF/SF2 depletion
we have described are not unique to DT40 cells. To this
end, we utilized RNA interference to deplete ASF/SF2
in HeLa cells. HeLa cells were transfected with either
an ASF/SF2 or control siRNA duplex and analyzed for
ASF/SF2 protein levels as well as the integrity of geno-
mic DNA at different time points following transfection.
ASF/SF2 siRNA efficiently reduced ASF/SF2 to unde-
tectable levels by Western blotting, while the control
siRNA had no effect on ASF/SF2 levels (Figure 2D). Sig-
nificantly, concomitant with depletion of ASF/SF2, cells
transfected with ASF/SF2 siRNA but not the control
siRNA showed accumulation of HMW DNA fragments,
analogous to what was observed in DT40-ASF cells.
R Loop Structures Are Present
in ASF/SF2-Depleted Cells
The above data have revealed a link between ASF/SF2
and maintenance of genome stability. But how does an
RNA binding splicing factor such as ASF/SF2 influence
DNA integrity? One possibility is suggested by the fact
that splicing is often cotranscriptional and that splicing
factors such as ASF/SF2 associate with transcription
complexes and hence with nascent transcripts during
the process of transcription. This suggests an impor-
tant role for ASF/SF2 in the organization of pre-mRNP
particles. Depletion of ASF/SF2 might then loosen or
destabilize the pre-mRNP particles, exposing certain
regions of the RNA to template DNA. A possible out-
come of this could be the formation of the R loops, in
which the nascent transcript anneals to the DNA tem-
plate strand. R loops formed by nascent transcripts
have in fact been described in mouse B cells during
immunoglobulin class switch recombination (Yu et al.,
2003) and in certain yeast mutants, where they have
indeed been correlated with hyperrecombination and
possible defects in transcription and/or RNP formation
(Huertas and Aguilera, 2003). We therefore hypothe-
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368Figure 2. ASF/SF2 Depletion Induces High-Molecular-Weight DNA Fragmentation
(A and B) DT40-ASF cells were grown with 1 g/ml tet for the indicated times. Cell lysates were assayed for ASF/SF2 ([A], top panel), γ-H2AX
([A], middle panel), and actin ([A], bottom panel) by Western blot and for the integrity of chromosomal DNA by 0.5% agarose ([B], top panel)
or pulse-field ([B], bottom panel) gel electrophoresis.
(C) Effect of z-VAD-fmk on high-molecular-weight (HMW) DNA fragmentation. Left panel, DT40-ASF cells were incubated with 2 M stauro-
sporine in the absence (−) or presence (+) of 100 M z-VAD-fmk for 4 hr. Right panel, DT40-ASF cells were incubated with 1 g/ml tet in the
absence (−) or presence (+) of 100 M z-VAD-fmk for indicated times. Chromosomal DNA was analyzed by 0.5% agarose gel electrophoresis.
(D) HeLa cells were treated with mock or ASF/SF2 siRNA for 2, 3, or 4 days. Expression of ASF/SF2 (top panel) and actin (middle panel) was
examined by Western blot. The integrity of chromosomal DNA was analyzed by 0.5% agarose gel electrophoresis (bottom panel).sized that ASF/SF2 depletion results in R loop forma- c
ption and that this leads to DNA fragmentation and ge-
nomic instability. w
PWe first wished to determine whether ASF/SF2 de-
pletion in fact caused formation of R loops. To this end, p
rwe utilized a bisulfite-modification assay (e.g., Yu et al.,
2003) to detect single-stranded DNA resulting from R W
Dloop formation. If the DNA contains R loops, C-to-Uonversions will be detected, but only on the nontem-
late DNA strand within the R loop. DT40-ASF cells
ere grown in the presence or absence of tet for 48 hr.
urified genomic DNA was digested with BamHI, ex-
osed to sodium bisulfite, and then used to amplify a
egion close to the 3# end of the β-actin gene by PCR.
e sequenced nine clones obtained from untreated
T40-ASF-cell DNA and detected no mutations (Figure
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369Figure 3. R Loop Formation at the β-Actin
Locus
Genomic DNAs were harvested from DT40-
ASF cells treated with or without 1 g/ml tet
for 2 days, and bisulfite modification and
PCR amplification were performed.
(A) Summary of sequencing data from indi-
cated samples.
(B) Representative sequencing result for a
clone obtained from tet-treated DT40-ASF
cells. Thymidines (T) converted from cyto-
sines (C) are shown in uppercase.3A). However, sequencing of ten clones obtained from
tet-treated DT40-ASF-cell DNA revealed that six con-
tained long stretches of C-to-U conversion (Figures 3A
and 3B). One covered 85 bp and the others had
stretches of at least 100 bp, all on the nontemplate
strand (Figure 3B and Figure S1 in the Supplemental
Data available with this article online). Remarkably, no
conversion was observed on the template strand, indi-
cating that it was protected from bisulfite modification,
most probably due to base pairing between the na-
scent RNA and DNA template. To confirm this, we
treated genomic DNA from tet-treated cells with RNase
H to degrade the RNA moiety of the RNA:DNA hybrid
and thus destroy the R loop prior to bisulfite modifica-
tion. Of the 11 clones sequenced, only 1 revealed non-
template-strand C-to-U conversions (Figure 3A).
RNase H Overexpression Suppresses ASF/SF2-
Depletion-Induced Genomic Instability
We next wished to determine whether the accumulation
of R loops induced by ASF/SF2 depletion was respon-
sible for the DNA-fragmentation and hypermutation
phenotypes. If this were the case, then disrupting R
loop formation would be expected to suppress these
phenotypes. Such suppression might be achieved by
overexpression of RNase H. To test this, we con-
structed a stable derivative of DT40-ASF cells, DT40-
HRH, that expresses myc-epitope-tagged human RNase
H-1 (Figure 4A, left). We first examined formation of
HMW DNA fragments in DT40-HRH cells after 48 hr tettreatment. These cells, but not vector-alone transfec-
tants (data not shown), showed a significant decrease
in HMW DNA fragmentation as compared to parental
DT40-ASF cells (Figure 4A, right). We next examined
whether DT40-HRH cells gave rise to tet-resistant colo-
nies upon extended incubation with tet (Figure 4B).
Remarkably, no tet-resistant clones arose from the
DT40-HRH cells. Together, these results provide strong
evidence that R loop formation is necessary for the ge-
nomic instability induced by ASF/SF2 depletion.
RNase H Overexpression Suppresses G2
Cell-Cycle Arrest and Delays Cell Death
in ASF/SF2-Depleted Cells
ASF/SF2 depletion results in a G2 phase cell-cycle ar-
rest followed by apoptotic cell death (X.L., J. Wang, and
J.L.M., unpublished data). Given that DNA DSBs can
induce G2 arrest (reviewed by O’Connell et al., 2000),
suppression of R loop formation by RNase H overex-
pression might also suppress the cell-cycle-arrest phe-
notype. To test this, FACS analysis was performed to
determine the cell-cycle profile of DT40-HRH cells, with
or without 2 day tet treatment (Figure 4C). Compared
to DT40-ASF cells, a significant decrease in the cell
population in G2 phase was observed in DT40-HRH
cells, correlating with the decrease in HMW DNA frag-
mentation.
Despite the ability of RNase H overexpression to sup-
press genomic instability and cell-cycle arrest, DT40-
HRH cells still underwent cell death upon ASF/SF2 de-
Cell
370Figure 4. RNase H Overexpression Suppresses HMW DNA Fragmentation, Hypermutation, and Cell-Cycle Arrest in ASF/SF2-Depleted Cells
(A) Overexpression of RNase reduces HMW DNA fragmentation in ASF/SF2-depleted cells. Myc-RNase H expression in DT40-HRH cells was
detected by Western blot (left panel) using an anti-myc antibody. DT40-ASF and DT40-HRH cells were grown in the absence (−) or presence
(+) of 1 g/ml tet for 48 hr. Chromosomal DNA was analyzed by 0.5% agarose gel electrophoresis (right panel).
(B) Reversion of cell death in DT40-ASF cells and DT40-HRH cells after ASF/SF2 depletion. After 2 days tet treatment, DT40-ASF and DT40-
HRH cells were assayed for tet resistance, and the number of wells with surviving cells was determined.
(C) Cell-cycle phenotype of ASF/SF2-depleted cells. DT40-ASF and DT40-HRH cells, grown with or without 1 g/ml tet for 48 hr, were stained
with propidium iodide and analyzed by FACS. Raw data were quantitated and plotted, and the fraction of cells in G1, S, and G2/M phases
is indicated.
(D) Growth curve of DT40-ASF and DT40-HRH cells in the presence or absence of tet.
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371pletion. However, cell death was delayed by approxi-
mately 24 hr (Figure 4D). R loop formation induced by
ASF/SF2 depletion thus contributes to cell death, but
ASF/SF2 must have at least one other function required
for cell viability.
ASF/SF2 Depletion Induces a Specific RNase
H-Sensitive DSB in the -Actin Gene
We next wished to determine whether a specific DSB
could be detected and correlated with R loop formation
in a transcribed gene. To this end, we employed liga-
tion-mediated PCR (LM-PCR) to probe for a DSB (or
DSBs) within the region of the β-actin gene analyzed
above (Figure 5A). DT40-ASF cells were harvested 0,
24, 36, or 48 hr after tet addition, and genomic DNAs
were purified and analyzed as described in Experimen-
tal Procedures (Figure 5B). Strikingly, a band reflecting
a DSB was detected as early as 24 hr (lane 2) and in-
creased in a manner correlated with ASF/SF2 depletion
(lanes 1–4). The size of the LM-PCR product suggests
that the DSBs lie within the region that forms R loops.
To confirm this, we purified and sequenced the w400
bp LM-PCR band. The breakpoint we detected was in-
deed within the region that forms R loops (Figure 5D).
We next asked whether RNase H overexpression
would suppress the DSBs in the β-actin gene. To this
end, we analyzed by LM-PCR DNA from DT40-ASF and
DT40-HRH cells treated with tet for various times. At
all time points, DT40-HRH cells showed a significant
decrease in DSBs compared to parental DT40-ASF
cells (Figure 5C). Notably, while DSBs were again de-
tected in DT40-ASF cells after 24 hr tet treatment (lane
1), nothing was amplified from the DT40-HRH cells at
this time (lane 2). Taken together, our data indicate that
ASF/SF2 depletion induces R loop-dependent DNA
DSBs.
ASF/SF2 Suppresses R Loop Formation during
In Vitro Transcription in a Manner Dependent
on the RNAP II CTD
Although our data suggest that R loop formation is a
direct effect of ASF/SF2, we next set out to test this by
developing an in vitro transcription assay capable of R
loop formation. Transcription of specific sequences in
plasmid vectors by phage RNA polymerases can result
in R loop formation (e.g., Yu et al., 2003). To test whether
the β-actin sequences that we characterized above can
produce R loops when transcribed in vitro, we inserted
three tandem copies of a 180 bp sequence from this
region into the plasmid pKS such that the template
strand could be transcribed by T7 RNAP and the non-
template strand by T3 RNAP (Figure 6A). The resultant
plasmid (pKS-3×R) was transcribed by T7 or T3 RNAP,
and RNA products were analyzed by denaturing PAGE
with or without RNase A treatment (Figure 6B). Strik-
ingly, a series of RNase-resistant RNAs were produced
by T7 (lane 2) but not T3 (lane 5) RNAP. Transcription of
pKS by T7 RNAP produced little if any RNase-resistant
transcripts (lane 8). Treatment with RNase H eliminated
these species (lane 3). Confirming that they represent
R loops, treatment of T7 RNAP-transcribed pKS-3×R
with sodium bisulfate generated significant C-to-U con-
versions on the nontemplate but, as in vivo, not thetemplate strand on 8 of 10 clones analyzed (Figure 6A
and Figure S2).
We next wished to determine whether ASF/SF2 could
prevent R loop formation in the in vitro transcription
reaction. Purified ASF/SF2 was added to reaction mix-
tures under a variety of conditions, but no effect on the
formation of RNase A-resistant products was detected
(e.g., Figure 6D, lanes 2 and 4). This led us to suspect
that an additional factor (or factors) might be required,
and one candidate was the RNAP II CTD. To test
whether the CTD might facilitate ASF/SF2 function, we
utilized a T7 RNAP-CTD fusion protein, either directly
as purified from E. coli or repurified following incuba-
tion with HeLa nuclear extract in the presence of ATP
to phosphorylate the CTD so that it resembles that
found on elongating RNAP IIO (Figure 6C; Millhouse
and Manley, 2005). Both enzymes (T7 RNAP-CTD and
T7 RNAP-CTD-P) were utilized in transcription reac-
tions with pKS-3×R. Each gave comparable levels of
transcription and produced RNase A-resistant/RNase
H-sensitive species similar to those synthesized by T7
RNAP (Figure 6D, lanes 2, 4, 6, and 9). Remarkably, ad-
dition of ASF/SF2 to T7 RNAP-CTD-P- but not T7
RNAP-CTD-containing reactions strongly inhibited ac-
cumulation of the RNase A-resistant species (Figure
6D, lanes 6–7 and 9–10). Inhibition by ASF/SF2 was
concentration dependent (Figure 6E, lane 1–5) and re-
sulted in a concomitant increase in full-length, RNase-
sensitive transcripts (Figure 6E, upper panel). Although
somewhat less effective than ASF/SF2, two other SR
proteins, SC35 and SRp20, were also able to function
with T7 RNAP-CTD-P to prevent R loop formation (Fig-
ure 6F, lanes 1–4). However, neither Hsp70 nor GST-
CTD, both of which possess RNA binding activity (e.g.,
Zimmer et al., 2001; S. Kaneko and J.L.M., unpublished
data), inhibited R loop formation (Figure 6F, lanes 5–8).
The phosphorylated CTD only functioned with ASF/SF2
when fused to T7 RNAP (Figure 6G).
We hypothesized that the role of the CTD was to fa-
cilitate recruitment and binding of ASF/SF2 to the na-
scent transcript, thereby preventing R loop formation.
To test this, we performed UV-crosslinking assays to
measure association of ASF/SF2 with the newly tran-
scribed RNA (Figure 6H). Transcription reactions were
exposed to UV light and treated with RNase A, and pro-
teins were resolved by SDS-PAGE. Strikingly, while only
trace amounts of ASF/SF2 associated with RNA tran-
scribed from pKS-3×R by T7 RNAP and T7 RNAP-CTD,
high levels of the protein associated with RNA tran-
scribed by T7 RNAP-CTD-P. These results confirm that
T7 RNAP-CTD-P enhances association of ASF/SF2
with nascent RNAs.
Discussion
A growing body of evidence indicates that transcription
of mRNA precursors by RNAP II and their subsequent
processing into mature mRNAs are highly coordinated
events. It has been assumed that a major reason for
this integration is to ensure that processing is efficient
and accurate. While this may well be so, the data we
have presented suggest another function: protecting
chromosomes from the potentially catastrophic effects
Cell
372Figure 5. Detection of R Loop-Associated DNA DSBs at the β-Actin Locus after ASF/SF2 Depletion
(A) Strategy for identification of R loop-associated DNA DSBs by LM-PCR. Positions of primers used for PCR amplification are indicated.
(B) Detection of DSBs in the β-actin gene following ASF/SF2 depletion. DT40-ASF cells were grown in the presence of 1 g/ml tet for the
indicated times. LM-PCR was employed to detect DSBs (top panel). Direct PCR of the 3# end of the β-actin gene was used to quantify the
genomic DNA (bottom panel).
(C) DT40-ASF and DT40-HRH cells were grown in the presence of 1 g/ml tet for the indicated times. LM-PCR was employed to detect DSBs
(lanes 5 and 6).
(D) Location by DNA sequencing of the β-actin DSB. Sequences of linker and β-actin DNA are indicated (upper panel). The region that forms
the R loop is shown in upper case (lower panel). Positions of the breakpoint and 3# end of the R loop are indicated.of the nascent transcripts themselves. Below, we dis- c
qcuss how loss of ASF/SF2 leads to extensive R loop
formation and how this in turn induces genomic insta-
Rbility involving DSB intermediates. We discuss our re-
sults in the context of previous studies that indicate s
ithat transcription-induced R looping is an evolutionarilyonserved challenge that can have disastrous conse-
uences and that is prevented by diverse mechanisms.
A key aspect of our model is that ASF/SF2 prevents
loop formation by binding to nascent mRNA precur-
ors, thereby preventing the transcripts from associat-
ng with template DNA (Figure 7A). This function likely
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studies showed that ASF/SF2 is able to commit pre-
mRNA substrates to splicing, indicating that it interacts
with the pre-mRNA at the earliest step in the splicing
reaction (Fu, 1993). The ability of ASF/SF2 to cooperate
with U1 snRNP to recognize 5# splice sites is also indic-
ative of early association with the pre-mRNA (Kohtz et
al., 1994). In vivo, ASF/SF2 associates with the RNAP II
CTD, which is necessary for its recruitment to sites of
transcription (Misteli and Spector, 1999). Activation of
splicing of nascent transcripts and the subsequent re-
moval or sequestration of introns thus likely contributes
to ASF/SF2’s ability to hinder R loop formation.
Our data suggest, however, that the role of ASF/SF2
in preventing R loops extends beyond its function in
splicing. This is consistent with the pervasive nature of
the R loop formation, DNA damage, and hypermutation
we observed. Experiments addressing this possibility
are limited but are entirely consistent with it. Daneholt
and colleagues have analyzed for many years proper-
ties of the Balbani ring (BR) genes on the salivary-gland
polytene chromosomes of the diptern C. tentans. Using
immunoelectron microscopy, Daneholt (2001b) found
that the apparent ASF/SF2 homolog, Hrp45, is present
uniformly along the entire length of BR nascent tran-
scripts. Significantly, this pattern is distinct from the
behavior of spliceosomal snRNP proteins, which asso-
ciate transiently and nonuniformly with the nascent
transcript. Based on these observations, Daneholt sug-
gested that Hrp45 has a function distinct from its direct
participation in splicing and proposed, as we do for
ASF/SF2, that the protein functions as a structural com-
ponent for pre-mRNP particles.
How might ASF/SF2 act as a key constituent of pre-
mRNP particles? ASF/SF2, like other SR proteins, is a
sequence-specific RNA binding protein (Tacke and
Manley, 1999), but it seems likely that its function in
RNP formation requires more than recognition of high-
affinity RNA binding sites. We suggest an analogy with
the role of SR proteins in splicing. While the proteins
do display sequence-specific function—for example, in
their interactions with ESEs—they also function redun-
dantly as essential general splicing factors, such that
any individual SR protein can activate splicing in vitro
regardless of the sequence of the precursor mRNA.
This reflects cooperative interactions with other fac-
tors, and it is likely that similar interactions occur in
pre-mRNP formation. Our finding that the phosphory-
lated CTD and ASF/SF2 can cooperate to facilitate
ASF/SF2 binding to nonconsensus sites in the β-actin
RNA is entirely consistent with this. Additionally, the
ability of SC35 and SRp20 to function in vitro may re-
flect functional redundancy and/or a requirement for
additional factors to impart specificity.
An important aspect of our model is that nascent
transcripts produced by RNAP II will, unless prevented,
rehybridize with the template DNA strand. Precedent
for this comes from biochemical experiments by Cham-
berlin and colleagues, who observed that transcription
in vitro by purified RNAP II resulted in extensive forma-
tion of RNA:DNA hybrids in which the nascent tran-
script displaced the nontemplate strand (Kadesch andChamberlin, 1982). Our data showed that the region of
the β-actin gene in which R loops were detected in vivo
was G rich on the nontemplate strand, and our in vitro
assays revealed that formation of RNA:DNA hybrids oc-
curred only when transcription was in this orientation.
Consistent with this, several studies have shown that
RNA:DNA hybrids form preferentially on G-rich DNAs
both in vivo and in vitro (e.g., Reaban et al., 1994). Two
facts may contribute to this. First, rG:dC hybrids are
exceptionally stable (e.g., Sugimoto et al., 1995). Sec-
ond, Duquette et al. (2004) showed that G4 structures
form on the nontemplate strand during transcription of
the immunoglobulin class switch region in E. coli and
suggested that this may contribute to the R loop forma-
tion. These results suggest that transcriptional R loop-
ing may occur preferentially when the nontemplate
strand is G rich.
Our data, together with previous studies, indicate
that transcription-induced R looping is a problem con-
served throughout evolution. A considerable body of
evidence indicates that such R looping occurs in E. coli
(reviewed by Drolet et al., 2003). Although there is no
evidence that R looping in E. coli leads to DNA DSBs
and hyperrecombination, it does result in growth de-
fects. Analogous to our finding that many of the effects
of ASF/SF2 depletion can be suppressed by RNase H
overexpression, growth defects caused by R looping in
E. coli can also be partially complemented by excess
RNase H (Drolet et al., 1995).
Transcription-induced R loops have also been de-
scribed in S. cerevisiae. This discovery stemmed from
characterization of the THO complex, suggested to be
involved in transcription elongation (Aguilera, 2002).
Significantly, mutations affecting THO-complex compo-
nents were recently shown to cause R loops, and this
was suggested to underlie the elongation and recombi-
nation defects (Huertas and Aguilera, 2003). The THO
complex is associated with another complex, TREX,
which functions to link transcription and mRNA export
(Strasser et al., 2002). Mutations affecting THO/TREX
components can all induce transcription elongation,
mRNA export, and recombination defects (e.g., Stras-
ser et al., 2002; Rondon et al., 2003), and THO/TREX
components interact with additional factors that ap-
pear to link transcription, mRNP formation, and mRNA
export with transcription elongation and hyperrecombi-
nation (e.g., Gallardo et al., 2003). Additionally, the
THO/TREX complex is involved in cotranscriptional re-
cruitment of two SR-like proteins, which also appear to
function in mRNA export (Hacker and Krebber, 2004),
to nascent transcripts (Hurt et al., 2004). Thus, yeast
cells possess a complex machinery that links transcrip-
tion elongation to mRNP formation and mRNA export
and that also prevents transcription-induced R looping
and hyperrecombination (Huertas and Aguilera, 2003).
Our data have provided evidence that transcription-
induced R looping and genomic instability occur in
vertebrate cells. The length of genes and the near ubiq-
uitous presence of introns suggest that metazoan or-
ganisms employ mechanisms for preventing R loop for-
mation distinct from those in yeast, and our results
support this view. Also consistent with possible differ-
ences between yeast and higher eukaryotes, two of the
four THO-complex subunits are not present in all se-
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374Figure 6. ASF/SF2 Suppresses R Loop Formation during In Vitro Transcription
(A) Detection of single-stranded regions in the transcribed plasmid by bisulfite modification. The number of clones with C-to-T conversion
is listed.
(B) R loop formation in vitro. Plasmids were transcribed by T7 or T3 RNAP as indicated. After incubation with RNase A and/or RNase H, all
samples were resolved by 6% denaturing PAGE.
(C) Coomassie blue staining of purified recombinant proteins.
(D) ASF/SF2 suppresses R loop formation dependent on the RNAP II CTD. The combinations of T7 RNAP, T7 RNAP-CTD, T7 RNAP-CTD-P,
ASF/SF2, RNase A, and RNase H for each reaction are indicated at the top. Where indicated, recombinant ASF/SF2 was used at a concentra-
tion of w875 ng/assay.
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375tion, which in turn lead to hypermutation, cell-cycle ar-THO-complex mutants in yeast, our previous data indi-
(E) Dose-dependent inhibition of R looping by ASF/SF2. The indicated amounts of ASF/SF2 or BSA were added to transcription reactions.
RNase-treated (bottom panel) or -untreated (top panel) samples were resolved by 6% denaturing PAGE.
(F) Effects of other RNA binding proteins on R loop formation. Equivalent amounts of ASF/SF2 (lanes 2 and 6), SRp20 (lane 3), SC35 (lane 4),
Hsp70 (lane 7), or GST-CTD (lane 8) were added to transcription reactions with T7 RNAP-CTD-P. RNase A-resistant fragments were resolved
by 6% denaturing PAGE.
(G) Phosphorylated GST-CTD cannot function in trans to suppress R loop formation in vitro. ASF/SF2 was added with (lane 4) or without (lane
3) phosphorylated GST-CTD to transcription reactions with T7 RNAP. RNAs were resolved by 6% denaturing PAGE.
(H) UV crosslinking of ASF/SF2 to RNAs transcribed from pKS-3×R. T7 RNAP (lane 1), T7 RNAP-CTD (lane 2), or T7 RNAP-CTD-P (lanes 3
and 4) was used for in vitro transcription, and UV crosslinking (lanes 1–3) was performed. One percent of each reaction was used to measure
total transcription (top panel). Crosslinked proteins were resolved by 12% SDS-PAGE (bottom panel).Figure 7. A Connection between ASF/SF2
Depletion, R Loop Formation, Cell-Cycle Ar-
rest, and Genomic Instability
(A) Model for R loop formation following
ASF/SF2 depletion. The role of ASF/SF2 in
mRNP formation and cotranscriptional splic-
ing naturally prevents nascent transcripts
from rehybridizing with template DNA (top
panel). Depletion of ASF/SF2 results in de-
fects in pre-mRNA packaging and/or splic-
ing, which allow nascent transcripts to an-
neal with the DNA templates forming R loop
structures (bottom panel).
(B) Generation of R loops induced by ASF/
SF2 depletion results in DSBs and HMW
DNA fragmentation. The DNA damage in turn
activates a cell-cycle checkpoint, DNA repair
systems, and apoptosis, which result in G2
phase cell-cycle arrest and genomic instabil-
ity. While R loop-induced DSBs contribute to
cell death, there is at least one other cell-
death pathway activated by ASF/SF2 deple-
tion (indicated by dotted arrow).quenced metazoan genomes (Strasser et al., 2002;
Rehwinkel et al., 2004), and genome-wide analysis of
mRNAs regulated by the THO complex in D. melano-
gaster indicated that a large majority of mRNAs are
transcribed and exported independently of THO (Reh-
winkel et al., 2004). Consistent with this, pre-mRNA
splicing has been shown to play a key role in recruit-
ment of export factors to nascent mRNAs in metazoans
(Reed, 2003). Indeed, a subset of SR proteins, including
ASF/SF2, function directly as adapters for mRNA nu-
clear export (Huang et al., 2003). Also, in contrast tocated that ASF/SF2 depletion in DT40 cells had no de-
tectable effect on transcription of mRNA precursors
(Wang et al., 1996). Taken together, these results sug-
gest that diverse mechanisms, including the proper
packaging and splicing of introns, function to prevent
R looping in metazoan organisms.
In summary, our data have established that a signifi-
cant function of the SR protein ASF/SF2 is to prevent
the formation of R loop structures between nascent
transcripts and template DNAs. Failure to do so results
in generation of DNA DSBs and HMW DNA fragmenta-
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376trest, and cell death (Figure 7B). The properties of ASF/
SF2 support our proposal that the protein exerts this
dprophylactic effect by facilitating cotranscriptional splic-
f
ing and/or formation of stable pre-mRNA RNP struc- i
tures. The potential for transcription-induced R looping t
wis a critical problem throughout evolution, and it is strik-
Ting that cells have adapted different mechanisms to
bprevent this. In E. coli, it has long been known that tran-
1scription and translation are tightly coupled. Remarka-
d
bly, a function of this is to prevent R looping: mutation r
of the ribosome entry site of the tetA mRNA induces R p
looping at this locus (Masse and Drolet, 1999), while
stranslational inhibitors result in more general R loop for-
gmation (e.g., Masse and Drolet, 1999). In yeast, where
tsplicing is rare, cotranscriptional formation of the THO/
i
TREX elongation/export complex prevents R looping m
(Huertas and Aguilera, 2003). Our data indicate that ver- f
otebrates have adapted ASF/SF2, and perhaps other
splicing-related proteins, to function in conjunction
with RNAP II to prevent R loop formation, reflecting the A
1near universal presence of introns in metazoan genes.
bOur studies have thus established a link between ASF/
ASF2, transcription, and the maintenance of genomic
g
stability. a
o
Experimental Procedures
LProteins and Antibodies
C
His-ASF/SF2 was prepared from recombinant-baculovirus-infected
n
cells under denaturing conditions and renatured by dialysis (Tacke
a
and Manley, 1995). T7 RNAP-CTD, which consists of the His-
e
tagged CTD from human RNAP II fused to the N terminus of T7
d
RNAP (S. Kaneko, personal communication), was purified from
o
E. coli by Ni2+-agarose chromatography under native conditions.
t
Purified His-T7 RNAP-CTD was phosphorylated by incubation with
p
HeLa cell nuclear extract and repurified under native conditions as
(
described (Hirose and Manley, 1998). All antibodies were pur-
w
chased from Sigma (anti-Actin), Zymed (anti-ASF/SF2), Upstate
a
(anti-phosphohistone-H2AX), Invitrogen (anti-myc), and Covance β
(HA.11 mAb).
q
r
Plasmid Constructs f
The blasticidin resistance gene was cloned under the control of a
minimal promoter, and the Zeocin resistance gene was inserted
sinto the same plasmid, giving the construct pPmin-bls-Zeo. Human
ARNase H-1 cDNA was obtained by reverse transcription-PCR (RT-
fPCR) of total HeLa cell RNA. A 33 bp myc tag sequence was added
cto the 5# end of hRNase H-1 cDNA by PCR. Myc-hRNase H-1 cDNA
was inserted into pAPSV-Zeo (Chen and Manley, 2003), generating
the construct pAP-HRH-Zeo. B
B
sCell Culture and Transfections
aDT40-ASF cells were maintained and transfected by electropora-
ttion as described (Wang et al., 1996). Stable transfectants were
tselected in medium containing 300 g/ml Zeocin (Invitrogen). For
jpPmin-bls-Zeo stable transfection, blasticidin resistance was veri-
fied by incubating aliquots of cells with 10 g/ml blasticidin.
A
DNA, Protein, and Cell-Cycle Analysis P
Genomic DNAs were isolated and subjected to Southern blot as 2
described (Wang et al., 1996). Western blotting and FACS analysis n
were performed as described (Wang et al., 1996). N

mTetracycline-Resistance, Blasticidin-Resistance,
and Thymidine-Kinase-Mutation Assays 6
sFor tetracycline-resistance assays, after 2 days of tet treatment,
cells were seeded on 96-well plates at 200, 20, and 2 cells/well. s
RCells were continuously grown in the presence of 1 g/ml tet for 8
days, and the surviving clones were scored. For blasticidin-resis- pance assays, DT40-ASF-bls cells were treated with or without 1
g/ml tet for 2 days. After 3 days of recovery, cells were serially
iluted and plated to determine the blasticidin-resistant fraction as
ollows: a fraction of the cells was diluted to 10 cells/ml and plated
n a 96-well plate at 0.2 ml/well to determine plating efficiency in
he absence of blasticidin-selective conditions. Plating efficiency
as defined as the percentage of wells with cells on the plate.
he rest of the cells were suspended in medium with 10 g/ml of
lasticidin and seeded on 96-well plates at 1 × 105, 1 × 104, and
× 103 cells/well. Surviving clones were scored, and the blastici-
in-resistant fraction (BRF) was calculated as: BRF = (blasticidin-
esistant colonies observed)/(plating efficiency × number of cells
lated).
TK-minus mutation assays were performed essentially as de-
cribed, with several modifications (Liber and Thilly, 1982). After
rowing 2 days with or without tet treatment, cells were transferred
o fresh tet-free medium. After 3 days of recovery, cells were plated
n medium with 1 g/ml of trifluorothymidine to determine the TK-
inus fraction. Surviving clones were scored, and the TK-minus
raction (TK-MF) was calculated as: TK-MF = (resistant colonies
bserved)/(plating efficiency × number of cells plated).
nalysis of Genomic DNA Integrity
–2 × 106 cells were embedded in low-melting-point agarose
locks and lysed essentially as described (Sakahira et al., 1999).
fter 2 days digestion, blocks were inserted into a 0.5% agarose
el for conventional agarose gel electrophoresis or into a 0.8%
garose gel for pulsed-field gel electrophoresis. PFGE was carried
ut on a CHEF-DR II system (Bio-Rad).
M-PCR Analysis of DNA DSBs
ells were harvested and centrifuged over a Ficoll gradient to elimi-
ate dead cells and debris. 1 × 106 live cells were embedded in
garose, and genomic DNA was prepared as described (Sakahira
t al., 1999). Linker ligation was done in 50 l reaction mixtures as
escribed (Papavasiliou and Schatz, 2000). To facilitate detection
f the break in the β-actin gene, linker-ligated DNA was subjected
o primer extension by a 25-cycle PCR with a β-actin-specific
rimer (RP1; Figure 5A). The primer-extension product was diluted
1:1000 to 1:5000) and subjected to two rounds of PCR: 28 cycles
ith a 58°C annealing step, followed by 28–32 cycles with a 60°C
nnealing step. PCRs were performed with linker-specific, nested
-actin-specific primers (Figure 5A, sequences available upon re-
uest). Control reactions to monitor input DNA amplified a 743 bp
egion at the 3# end of the β-actin gene. LM-PCR bands were puri-
ied and subjected to DNA sequencing.
iRNA Transfections
sequence within the human ASF/SF2 coding region was selected
or designing a siRNA (Dharmacon). Transfection of siRNAs was
onducted as described (Elbashir et al., 2002).
isulfite Modification Assay
isulfite modification assay was performed essentially as de-
cribed (Yu et al., 2003). We did PCR with bisulfite-modified DNA
s a template and a native primer paired with a “converted” primer,
he sequence of which matched the conversions anticipated owing
o deamination of C. Amplified fragments were cloned and sub-
ected to DNA sequencing.
nalysis of R Loop Formation during In Vitro Transcription
lasmids (1 g) were transcribed in a volume of 20 l for 2 hr at
5°C with 1 l of T7 RNAP (Promega), His-T7 RNAP-CTD (w100
g), or His-T7 RNAP-CTDP (w150 ng) in the presence of 10 mM
aCl, 6 mM MgCl2, 2 mM spermidine, 2.6% PVA, 2.5 mM DTT, 600
M (ATP, CTP, CTP), 60 M GTP, and 85 nM [α32-P]GTP (3000 Ci/
mol). Reactions were stopped by heat inactivation (20 min at
5°C). One microliter of each reaction was used to measure tran-
cription efficiency between different reactions. The remainder was
ubjected to 1 hr RNase A treatment at 37°C. Where indicated, 1 U
Nase H (Promega) was included in the RNase A incubation. Sam-
les were resolved by 6% denaturing PAGE.
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377UV Crosslinking
pKS-3×R plasmid (0.5 g) was transcribed in a volume of 10 l for
at 25°C 30 min with w375 ng of recombinant ASF/SF2 and T7
RNAP, T7-CTD, or T7-CTDP as described above. Reaction mixtures
were subjected to UV irradiation as described (Tacke and Manley,
1995). 1 × 106 cpm of transcripts was then treated with 30 g
RNase A for 30 min, and crosslinked proteins were resolved by
12% SDS-PAGE.
Supplemental Data
Supplemental Data include two figures and can be found with this
article online at http://www.cell.com/cgi/content/full/122/3/365/
DC1/.
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